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Abstract  
 
 The effects of bead composition and dryness on the release rate of small molecules, like a 
drug or dye, from polyelectrolyte complex (PEC) beads were studied. Release studies were 
performed on dried and not dried beads prepared using different PEC to drug ratios. The beads 
were dried for two hours, which allowed them to reach a constant weight. The beads were loaded 
with a dye, so their release could be detected through the visible light regime. A plate reader was 
used to determine the absorbance of a sample, and then the amount of dye released was 
determined. The data presented in this report generally displayed the opposite effect of bead 
dryness on the release profile than initially thought. A sample of dried and not dried beads 
released 22% and 13%, respectively, of its rhodamine B loading within the first 15 minutes. The 
dried and not dried beads also led to dye being released up to 87% and 34%, respectively, after 6 
days. Due to the collapsed pores of the PEC beads, the dried beads should have had a slower 
release profile. It is recommended that these studies be reproduced to determine if these results 
were accurate. 
 
 
  
Executive Summary 
 
The overall purpose of this project was to begin developing a drug carrier that prevents 
the formation of surgical adhesions. Surgical adhesions occur when scar tissue connects two 
parts of the body that are not normally connected when the body responds to tissue disturbances; 
it can begin within days of surgery. A method to decrease the occurrence of surgical adhesion is 
by using a drug delivery system to administer an anti-adhesion drug. Hydrogels are suitable 
candidates for drug delivery due to their relatively fast drug release profiles. For this project, the 
polyelectrolyte-based hydrogels were evaluated. This type of hydrogel can provide effective 
barriers to diffusion, causing the multi-day (ideally 3 – 7 days) release of drug molecules. These 
hydrogels can be applied during laparoscopic surgeries or other invasive surgeries. 
For this initial study, the polyelectrolyte hydrogels encapsulate a drug, such as sodium 
benzoate (NaB), which is believed to reduce cell-to-cell adhesion, or a dye, as a model release 
agent. When applied to open or minimally invasive surgeries, it is hoped that these 
polyelectrolyte hydrogels would steadily release the anti-adhesion drug over a period of several 
days. The polyelectrolyte complex (PEC) beads made of poly(allylamine) (PAH) and 
poly(styrenesulfonate) (PSS) were mainly observed. The effect of bead dryness on the release 
rate was studied. An article published by de Silva et al. was mimicked because beads produced 
by the methods outlined in the article yielded beads with release profiles that lasted 2 to 18 days.  
Release studies were performed on dried and not dried beads prepared using different 
PEC to drug ratios, where the beads made with a 70:30 weight ratio of polymer solution to 
rhodamine B solution released the largest percentage of its drug loading. The data presented in 
this report generally displayed the opposite effect of bead dryness on the release profile than 
initially thought. For example, a sample of dried beads released 22% of its rhodamine B loading 
within the first 15 minutes. The dried beads also led to rhodamine B being released up to 70% 
after 24 hours and 87% after 6 days. On the other hand, the not dried beads resulted in 
approximately 13% of rhodamine B within the first 15 minutes. The not dried beads released 
rhodamine B up to 27% after 24 hours and 34% after 6 days. Due to the collapsed pores of the 
PEC beads, the dried beads should have had a slower release profile. It is recommended that 
these studies be reproduced to determine if these results were accurate. If they were accurate, 
then the cause for this data needs to be determined. The release study could also be done with 3:1 
molar ratio of PSS/PAH beads instead of 1:1 molar ratio beads to allow for a more equal 
comparison of the data generated by de Silva et al. Another recommendation would be to 
perform release studies with partially dried beads, since they were not tested here. Due to the 
undesirable PEC beads that resulted from the drying and rehydration study, beads need to be 
designed to avoid cracking during drying and falling apart during rehydration. Once these beads 
have been formed, longer rehydration studies (up to several days) need to be performed. In order 
to produce PEC beads more suitable for applications after invasive surgeries, the beads need to 
have a smaller diameter (a few millimeters in diameter). PEC beads made for this project had a 
diameter of 1 to 3 millimeters.  
The technical and career skills that I’ve gained form doing this Honors project were the 
ability to plan and design experiments, present data and results in a professional and objective 
manner, and draw conclusions from data. Personally, I’ve gained more confidence in my ability 
to design my own experiments. I’ve learned the hard way the importance of saving my data and 
report in multiple and online places (e.g. flashdrive, Dropbox, Google Drive, etc.).  
Introduction 
 
In last few decades, drug delivery systems have seen many advances. “Drug delivery is 
the method or process of administering a pharmaceutical compound to achieve a therapeutic 
effect in humans or animals” [1]. These delivery systems can be designed to target specific parts 
of the body and to release its drug load at a controlled rate. Drug delivery systems are used to 
treat human diseases like diabetes or cancerous tumors. Oral administration and injections are 
typically the most convenient routes for drug delivery. A problem associated with these 
conventional methods is the limited or reduced therapeutic effect of a drug due to partial 
degradation that occurs before the drug reaches its target region [2]. For example, a drug carrier 
must be able to be absorbed through the gastrointestinal tract into the bloodstream [3].  The drug 
absorbed from the gastrointestinal tract travels to the liver, where it is subjected to metabolism 
before entering the systemic circulation [3]. The drug carrier could potentially degrade in the 
gastrointestinal tract, which would result in its less effectiveness or ineffectiveness elsewhere. In 
order to dispense medication through a medium or carrier that triggers the release through a 
physiological or chemical change, researchers have turned to nanotechnology [2].   
Ideally, a carrier system is biocompatible, versatile, and biodegradable. Biocompatible 
systems are not toxic to living systems. A delivery system must be versatile in order to have the 
ability to be changed to avoid physiological and pathological issues that may occur during the 
research and development process [3]. Biodegradable drug delivery systems do not have to be 
removed from the body once it finishes releasing because it is broken down and expelled by the 
body without negative side effects [4]. Polymers, synthetic or natural, can be used as materials of 
construction for a drug delivery system with these qualities [2]. Two general categories of 
polymer systems are reservoir devices and matrix devices [2]. Reservoir devices encapsulate a 
drug within the polymer shell, while matric devices physically encapsulate the drug into the 
polymer network [2]. Both of these system devices release the pharmaceutical product through 
diffusion control [2]. The two routes of biodegradation are bulk and surface degradation [4]. The 
degradation process involves the breakdown of polymers into lactic and glycolic acids through 
uniform matrix degradation (bulk) or surface-area-dependent release rates (surface) [2]. The 
lactic and glycolic acids are broken down further into carbon dioxide and water, which are easily 
removed by the body [2].  
Researchers have found that highly biodegradable polymers are hydrophilic, amorphous, 
and made from low-molecular weight polymers [2]. Therefore, factor such as these can be varied 
to adjust the release rate of the medicine [2]. It has been shown that hydrogels can be used to 
guide drugs through the stomach and into the intestines. Factors such as pH level and 
temperature can be varied in the medium or the surrounding environment to trigger the release of 
the drug compound [2].  
Another specific use for drug delivery systems is to prevent surgical adhesions. Surgical 
adhesions occur when scar tissue connects two parts of the body that are not normally connected 
when the body responds to tissue disturbances. A method to decrease the occurrence of surgical 
adhesions is by using a drug delivery system to administer an anti-adhesion drug starting at right 
after the surgery to several days afterwards. For this project, the polyelectrolyte-based hydrogels 
will be evaluated. This type of hydrogel can provide effective barriers to diffusion, causing the 
multi-day release of drug molecules. These hydrogels can be applied during laparoscopic 
surgeries or other invasive surgeries due to their small size. The polyelectrolyte complex (PEC) 
beads made of poly(allylamine) (PAH) and poly(styrenesulfonate) (PSS) were mainly observed. 
The effect of bead dryness on the release rate will be studied. 
 
Background 
 
Hydrogels and polyelectrolytes as drug delivery carriers  
 
Hydrogels, which are “water-soluble polymers that form cross-linked networks” [5], 
could be suitable candidates for drug delivery due to their relatively fast drug release profiles. 
They can encapsulate various bioactive compounds, such as hydrophobic drugs and 
biomacromolecules [6]. Properties such as porosity, biocompatibility, and deformability of 
hydrogels can be altered to affect the release profile of the drug [5]. Their porosity, which 
permits drug loading and release, can be controlled by adjusting the density of cross-links within 
them [5]. Hydrogels have had many successes while used in vivo, such as its use in the 
peritoneum, due to their biocompatibility [5]. The strong biocompatibility is a result of the high 
water content in hydrogels, which is attributed to the presence of hydrophilic groups such as -
OH, -CONH2, and –SO3H in the polymer chains [6]. The cross-links provide hydrogels the 
ability to swell and not dissolve in aqueous environments [6]. Hydrogels also can take the shape 
of the surface in which they are applied [5]. Typically, hydrogels used in drug delivery are 
formed outside of the body. Then, the drug is loaded into the hydrogels before being placed into 
the body. Cross-linking methods, such as chemical cross-linking and UV photopolymerization, 
can be used to form the hydrogels if toxic reagents are completely removed before they are 
implanted in the body [5]. A challenge surrounding the removal of toxic reagents would be 
simultaneously draining the drug loaded out of the hydrogels [5]. Hydrogels in bulk have a 
defined structures and high elasticity that prevent them from being extruded through needles [5]. 
Instead, pre-formed hydrogels can be made into nanoparticles, which will allow for easier 
injections [5]. 
Non-cross-linked linear polymers can be used as drug delivery capsules as well. These 
linear polymers can be extruded through needles depending on the viscosity of the polymer 
solution [5]. The higher the viscosity, the more resistance the solution will exhibit when 
attempting to flow through a needle [5]. A disadvantage to using non-cross-linked linear 
polymers for drug delivery is that they swell and dissolve in vivo aqueous environments in a 
relatively short amount of time (within a few hours) [5]. Ideally, drug delivery capsules should 
exhibit linear polymer properties, such as easy injection, outside of the body, while gelling 
within the body [5]. This will allow for an extended drug release. Physical and chemical cross-
linking methods can be used to create this type of hydrogel during in vivo gelation. Physical 
methods include environmental parameters (pH, temperature, ionic strength), van der Waals 
forces, acid base interactions (hydrogen bonds and hydrophobic interactions), and electrostatic 
interactions [6]. 
Polyelectrolyte-based hydrogels can provide effective barriers to diffusion, causing the 
multi-day release of drug molecules. Polyelectrolytes, with some of them shown in Figure 1, are 
polymers that dissociate when placed into an aqueous solution, which results in charged polymer 
chains. Polyelectrolytes can have a wide range of properties and applications depending on the 
nature of the polyelectrolyte. Polyelectrolytes can be natural, synthetic, or chemically modified 
biopolymers [7]. They can be made up one type of polymer or copolymers [7]. Polyelectrolytes 
can have different molecular architectures, which are linear, branched, and cross-linked [7]. They 
can be classified as polyanions, polycations, or polyampholytes (a polymer having both negative 
and positive charges) [7]. Polyelectrolytes are used in electrochemical devices, building blocks in 
materials science, nanocomposites, gas membranes, innovative anion sensitive materials, and 
drug delivery [8]. They also have numerous applications in a wide range of fields, such as 
environment, energy, analytical chemistry, and biotechnology [8]. 
 
Figure 1. Examples of polyelectrolytes [9]. 
 
 The dissociation of poly(sodium styrene sulfonate) can be seen in Figure 2. When in an 
aqueous solution like water, poly(sodium styrene sulfonate) becomes poly(styrenesulfonate), 
which is fully negatively charged. The salt concentration of the dissolution medium can change 
the ionic strength, which can then modify the electrostatic interaction of the polyelectrolyte 
solutions [7]. When inorganic salts are added into the solutions, the electrostatic interaction is 
weakened (and the ionic strength of the solutions is increased) due to the salt ions interacting 
with the oppositely charged polymer instead of another polyion [7]. The pH value of the 
dissolution environment can affect the complexes. When the pH changes, cross-linking occurs by 
ionizing or protonating the ionic functional groups that cause gelation. The cross-links can be 
broken by a pH change that deprotonates the ionic functional groups [5]. 
 
Figure 2. Dissociation of poly(sodium styrene sulfonate). 
 
 
 As stated above, polyelectrolytes can be produced synthetically or naturally. Examples of 
synthetic polyelectrolytes are poly(styrenesulfonic acid) and poly(acrylic acid). Due to the 
charges of the polymers after dissociation, both of the aforementioned polyelectrolytes are 
categorized as anionic [7]. Cationic polyelectrolytes include chitosan and poly (vinylbenzyl 
trialkyl ammonium) [7]. Examples of natural polyelectrolytes are alginic acids and nucleic acids.  
Polyelectrolyte complexes (PECs) 
 
Polyelectrolyte complexes (PECs) are formed through electrostatic interactions between 
oppositely charged polyelectrolytes, i.e. anions and cations [10]. As seen in Figure 3, the anionic 
groups of one polyelectrolyte interacts electrostatically with the cationic groups of a different 
polyelectrolyte to self-assemble into PECs [6]. Examples of polyelectrolytes that are anions and 
cations are carrageenan and chitosan, respectively. PECs are formed without the addition of any 
chemical covalent cross-linkers. Therefore, PECs are generally considered as non-toxic, 
biocompatible, well tolerated, and more sensitive to any changes in its surrounding conditions 
[11].   
 
Figure 3. PECs prepared through electrostatic interaction [6]. 
 
 
PECs can be widely used for biomedical applications, such as for the immobilization of 
biocatalysts or enzymes [12], for coating films and fibers [7], as membranes [7], and for 
preparation of microcapsules for drug delivery [7]. The practical applications of polyelectrolytes 
depend on its functional properties: interaction with counter ions, surfactants, charged low molar 
mass molecules, charged particles, and charged surfaces [7]. PECs can be a part of a filtration 
process by interacting and removing counter ions [7]. By interacting with surfactants, PECs can 
be used to form micelles [7]. PECs that can interact with charged low molar mass molecules are 
used in drug delivery systems [7]. When PECs have the property to interact with charged 
particles, they can be used in wastewater treatment and paper production [7]. PECs that interact 
with charged surfaces have the practical application of modifying surfaces and interfaces as 
coatings or being used as additives in cosmetics and detergents [7].  
PECs can be a solution to surgical adhesion. Surgical adhesion occurs when scar tissue 
connects two parts of the body that are not normally connected when the body responds to tissue 
disturbances. Adhesions typically occur within the stomach, heart, and pelvis. They can cause 
obstructions in the small bowels, restrictions in the motions of passing food through the small 
intestine, and contributions to the development of chronic pelvis pain. Surgical adhesion can 
begin within days of surgery. A method to decrease the occurrence of surgical adhesion is by 
using a drug delivery system to administer an anti-adhesion drug. The capsules can be applied 
during laparoscopic surgeries or other invasive surgeries due to their small size (a couple of 
millimeters in diameter).  
The commonly reported PECs involve chitosan, which is a natural polysaccharide found 
in the exoskeleton of fungi, insects, and crustaceans [10]. PECs formed between chitosan and 
anionic polymers have been investigated for use as biosensors, scaffolds in tissue engineering, 
and for waste-water treatment along with drug delivery [11]. Complexes formed from chitosan 
and alginate have been proven to function well as drug delivery carriers. Alginate is a water-
soluble linear polysaccharide that is found in brown seaweed and marine algae [10]. The 
carboxylic groups in alginate give it negative charges, which can then form a gel with the 
positively charged amino groups in chitosan through electrostatic interaction [11]. Figure 4 
shows the different forms that chitosan-polysaccharides PECs can take. Chitosan-alginate PECs 
are typically in the form of nano/micro-particles and hydrogel beads [10]. Alginate is one of the 
most studied polysaccharides in complex formation with chitosan due the biodegradable and 
biocompatible properties of the PECs formed along with the increased mechanical strength of the 
complexes at lower pH values where chitosan dissolves [11].   
 
 
Figure 4. The chitosan- based PECs as drug delivery systems in various forms [10]. 
 
 
De Silva et al. published an article detailing PEC beads that can be used for release of 
small molecules over multiple days. The beads are a mixture of poly(allylamine) (PAH) and 
poly(styrenesulfonate) (PSS) as seen in Figure 5. PSS is a “strong” polyelectrolyte while PAH is 
the “weak” polyelectrolyte. “Strong” polyelectrolytes completely dissociate in solution, while 
“weak” polyelectrolytes partially dissociate. This viscous mixture is added dropwise into a 
solution that has an oppositely charged polymer [13]. The oppositely charged polymers diffuse 
into the PEC droplet to form a solid PEC membrane surrounding each drop [13]. The solid 
membrane forms quickly to maintain the spherical shape of the beads. When these beads are 
used, the release typically lasts for only a few hours. In order to reduce the permeability of the 
PECs beads, the beads can be air-dried and the polymer compositions can be varied during bead 
preparation.  
 
 
Figure 5. Structures of poly(styrenesulfonate) and poly(allylamine). 
 
 
In the study of de Silva et al., they entrapped Fast Green FCF dye in the PSS/PAH PEC 
beads to model the small molecule load, and determined the effect of drying and rehydrating the 
bead. The effect of the parent polymer solution compositions (PSS/PAH) on bead morphology 
and release was also studied. It was found within 4 hours of air-drying, the beads lost 75%-80% 
of their mass. The beads shank and became transparent (originally opaque) during drying. The 
beads were rehydrated in phosphate buffered saline (PBS) and it was observed that the 
absorption rate was much slower than the drying rate. Release studies were performed in PBS. 
Within an hour of being in PBS, the beads reswelled to 40%-50% of their initial mass. Beyond 
this point, the absorption rate was very low (45% to 60% of initial bead mass after two weeks). 
When the beads were dried to the extent of 5%-10%, the release lasted 2 to 3 days and the 
release profile was not affected by the polyelectrolyte concentrations to prepare them. When the 
bead was fully dried, the release lasted 10 to 18 days, and the effect of the polyelectrolyte 
concentrations became more relevant. The initial 50%-60% of the dye load of the undried beads 
released quickly when compared to fully dried beads.  
The success of these beads for long-term release is partially due to the solid internal 
morphology of the beads compared to the solvent-filled beads. The solid morphology is prepared 
through phase inversion. Due to the pH sensitivity of the PEC matrices, solid beads can be 
formed with high polymer compositions dropped into acid baths. The polymer mixture is at a pH 
value higher than the pKa value of PAH, which is roughly 8.5. This allows the PAH to be 
essentially neutral and makes the mixture water soluble. The acid diffuses throughout the 
polymer droplets of the PAH and PSS mixture to protonate the PAH (reducing the pH value of 
the polymer mixture), which then forms the solid PEC. Instead of loading a drug for in vitro 
release studies, a dye can be used to model the small molecule payload.  
 
Experimental Methods 
 
Preparation of Polyelectrolyte Complex (PEC) Beads 
 
The PEC beads were made according to the method and study published by de Silva et al 
[13]. PSS was purchased from Sigma-Aldrich as a fine powder, so it was mixed with water to 
obtain the desired molar concentration. PAH was purchased from Polysciences, Inc. as a viscous 
liquid that could be further diluted with water to obtain a specific concentration. A parent 
solution of PAH/PSS was prepared by mixing 1.5M of PAH and 1.5M of PSS, which made the 
concentration of both components roughly 0.75M. It was assumed that the densities of PSS and 
PAH were equal to water (1 g/mL). PSS had a density of 0.801 g/mL, but since it was dissolved 
in water it was assumed to be relatively close to the density of water. PAH had a specific gravity 
of 1.02, and the same assumption as PSS was applied. These assumptions made calculations 
simpler. The amount of each component can be varied to change the concentrations of PAH and 
PSS in the parent solution. The parent solution was drawn up a 20-gauge needle and syringe, and 
added dropwise into 10mL of 1M or 3M hydrochloric acid. A drop was added into the acid bath 
every 3 to 5 seconds. Approximately 70 to 80 beads were made with 1mL of parent solution. The 
beads were allowed to solidify in the bath for a few minutes before being filtered through a wire 
mesh. The beads were washed with deionized (DI) water to remove excess acid from their 
surfaces. Then, the beads were gently pat dried with a Kimwipe to remove the water on the 
surface. A concentration of 0.75M for PSS and PAH was used as a baseline for all studies 
conducted due to the plots generated by de Silva et al. The figures in Appendix A show a state 
diagram for the concentrations for each monomer and what type of bead the concentration will 
produce. A concentration of 0.75M for each monomer was used for most bead formations due to 
the ability for this recipe to form spherical PEC beads.  
Loading the Drug or Dye and Performing Release Studies 
 
The PEC beads could be loaded with small molecules, such as sodium benzoate (NaB) 
and rhodamine B. Sodium benzoate was initially loaded into the capsules due to its existing 
pharmaceutical applications. The solubility of sodium benzoate is 33.3wt.% in water. Sodium 
benzoate needed to be dissolved into the hydrochloric acid bath. If the acid bath was saturated 
with the drug, then it would prevent the premature release of sodium benzoate during bead 
formation. It was determined that 1.0wt.% of sodium benzoate can be dissolved in the acid bath 
to saturate it. All of the sodium benzoate added did not dissolve, so after at least 30 minutes of 
stirring the excess or undissolved sodium benzoate can be filtered out with filter paper. If a 
release study was not being performed on the beads immediately after their formation, the beads 
were stored in water saturated with sodium benzoate. 
Another set of beads was loaded with rhodamine B, because this dye is more easily 
detected in visible light regime (its absorbance wavelength is 554 nm) by using a plate reader. A 
weight percent of 1.5% of rhodamine B was added into the parent solution of PSS and PAH. The 
acid bath would contain 1 wt.% of rhodamine B to prevent the premature release of the dye 
during bead formation. If a release study was not being performed on the beads immediately 
after their formation, the beads were stored in 1.5wt.% of rhodamine B in water. Water was used 
for all release studies as a medium for the payload to release into.  
Figure 6 displays Set-up 1, which was used to perform the release studies for the first 
portion of this project. In Figure 7, a 250mL beaker or a glass container can be seen holding a 
plastic stand. The beige cylinder in the center of the plastic stand represents the sponge filter on 
which the beads under study will sit on. The blue line represents the water level (note that the 
water level does not exceed the bottom of the filter). The bottom of sponge filter will contact the 
top surface of the deionized water. The water will be absorbed and travel up the filter through 
capillary action, the water will come into contact with the beads sitting on top of the filter. The 
sodium benzoate in and on the beads and beads’ surfaces will diffuse through the filter into the 
water below. A thin plastic film was use to cover the top of the glass container to prevent the 
beads from drying during the study. Samples were taken with an adjustable pipette through a slit 
in the plastic film. Samples, of 100 or 200 microliters each, were taken periodically. The samples 
were analyzed using a UV/vis-spectrometer. The procedure to run the spectrometer can be seen 
in Appendix B.  
 
 
 
(A) 
 
(B) 
 
 
Figure 6. Set-up 1 where there is (A) an aerial view and (B) a side view. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Schematic of set-up 1, modified Franz diffusion cell, used for the sodium benzoate 
release study.  
 
Set-up 2, which was used for the second portion of this project, can be seen in  
Figure 8. The centrifuge tube allowed the set-up to be placed into a water bath. The water bath 
was held at 37°C for each release study to mimic the average body temperature for a human. 
Figure 8 shows a 50mL centrifuge tube that has a needle inserted through the cap. A 1mL 
syringe was used to sample 0.5mL of solution through the needle. The needle end was covered 
with gauze to prevent the bead from being pulled up through the needle during sampling. Before 
sampling, the syringe was inserted into the needle and then “pumped” a couple of times to 
adequately mix the rhodamine B into the water. This ensure that the rhodamine B was mixed 
well and distributed evenly throughout the water. After each sample was taken, 0.5mL of DI 
Sponge filter 
Water level 
Plastic stand 
water was placed into the set-up. Figure 9 displays a series of release study tubes placed in the 
water bath. The Styrofoam was used to keep the tubes upright so water from the bath did not 
enter the system being tested. The samples were analyzed using a plate reader. A calibration 
curve of absorbance versus the concentration of rhodamine B (in ppm) was generated by another 
undergraduate student, Eric Brink. A relationship between the rhodamine B concentration (in 
ppm) and the absorbance of a 200 μl solution in a well of a 96 well plate was determined, which 
was linear with a slope of 0.1338. The concentration in ppm of a release drug solution can then 
be determined by dividing the absorbance by 0.1338.  
 
Figure 8. Set-up 2 for release studies. 
 
Sample 
Port 
Release 
Medium 
Location 
of PEC 
beads 
 
Figure 9. A series of tubes are placed in the controlled temperature bath for Set-up 2. 
 
Drying and Rehydration 
 
Beads were weighed before a drying study began to obtain the initial weight of a bead or 
a set of beads. The beads were placed in a weigh dish and placed in a fume hood. This would 
quicken the drying process as opposed to leaving it where high air flow was not present. The 
beads were weighed every 15 minutes during the first hour of the study and then weighed at 
larger time intervals from thereon. It was found that a two-hour long study was efficient enough 
for the beads to dry to relatively constant weights, so no drying study lasted longer than 2 hours. 
For a rehydration study, the beads were immersed in phosphate buffered saline (PBS) and 
weighed at 30-minute intervals for an hour. PBS was purchased from Sigma-Aldrich. The extent 
of drying (EoD) was calculated for each drying study. Extent of drying is a comparison of the 
weight of the dried beads at a specific time to its final weight. This is expressed as a percentage. 
EoD was calculated by using the following question [13].  
 
𝐸𝑜𝐷 =
𝑊𝑜 − 𝑊(𝑡)
𝑊𝑜 − 𝑊∞
 ×  100% 
  
In order to check the reswelling progress during the rehydration study, the weight of the 
samples at a specific time was divided by the initial weight to calculate a percentage of 
reswelling.  
 
Data and Results 
 
 Release studies on beads encapsulating sodium benzoate were performed using Set-up 1 
and the data is shown in Figures 10 and 11. Table 1 displays the conditions for the formation of 
PEC beads for different sets. The data from the release study from each set is shown in Figures 
10 through 14. Error bars can be seen on data sets that had more than one sample in the study in 
almost all of the figures in this section. Error bars show the standard error of the means for a 
specified sample size. 
Table 1. Summary table of PEC bead formation conditions for each set. 
Set # 
Parent 
Solution 
PSS:PAH 
(molar 
ratio) 
Parent 
Solution
:Drug 
(weight 
ratio) 
Dried or 
Not Dried 
Drug Loaded 
Release 
Set-Up 
Type 
Soak Time in 1M 
HCl or Water  
1 1:1 85:15 Not Dried Sodium Benzoate 1 0 days 
2 1:1 85:15 Not Dried Sodium Benzoate 1 1M HCl - 3 days 
3 1:1 85:15 Not Dried Sodium Benzoate 1 1M HCl - 10 days 
4 1:1 85:15 Not Dried Sodium Benzoate 1 Water - 0 days 
5 1:1 85:15 Not Dried Sodium Benzoate 1 Water - 14 days 
6A 1:1 70:30 Not Dried Rhodamine B 2 Water - 2 days 
6B 1:1 70:30 Dried Rhodamine B 2 0 days 
7A 1:1 80:30 Not Dried Rhodamine B 2 Water - 1 day 
7B 1:1 80:30 Dried Rhodamine B 2 0 days 
8A 1:1 80:30 Not Dried Rhodamine B 2 0 days 
8B 1:1 80:30 Dried Rhodamine B 2 0 days 
 
Figure 10 shows the result for three sets of beads as the total amount of sodium benzoate 
released (in grams) versus time (in minutes). The beads shown in Figures 10 and 11 were made 
from the same parent solution. The parent solution contained a molar ratio of PSS to PAH of 1:1, 
where the molar concentration for each of the components was 0.75M before sodium benzoate 
was mixed in. A weight ratio of 15:85 of 33.3 wt.% sodium benzoate in water to the polymer 
solution was mixed and was added dropwise into an acid bath saturated with sodium benzoate. 
The only difference between Sets 1, 2, and 3 were the lengths of time the PEC beads were in 1M 
HCl. Set 1 was a set of beads that was used for a release study after the beads formed. Set 2 was 
a release study done on the beads after they sat in the acid bath (1M HCl) for 3 days. Set 3 was a 
release study done on the beads after they sat in the acid bath for 10 days. Set 1 released 
relatively slowly within the first 30 minutes. Sets 2 and 3 had quicker initial releases within the 
first 30 minutes. After 60 minutes, Sets 1 and 2 released approximately the same amount of 
sodium benzoate.   
 
Figure 10. Total release of sodium benzoate in grams versus time for Sets 1, 2, and 3. 
 
Figure 11 shows the total sodium benzoate released (expressed in grams) for Sets 4 and 5. 
The beads used for these sets were the remaining beads not used in Sets 1, 2, and 3. After the 
release study of Set 3 was performed, the remaining beads were placed into water saturated with 
sodium benzoate. Set 4 contained the beads after the capsules soaked in the sodium benzoate 
water, and Set 5 contained beads that were soaked in the sodium benzoate water for a longer time 
period. The release study on Set 4 only ran for 2 hours due to it beginning to level off. A longer 
release study was performed on Set 5 to obtain a better idea on the trend of the release over a 
longer period of time. Set 4 released a small amount of sodium benzoate after 60 minutes. The 
concentration of sodium benzoate remained about the same at 2 hours. Set 5 released quickly for 
the first 3 hours, and did not begin to have a slower release rate until 4 hours.  
 
Figure 11. Total release of sodium benzoate in grams versus time for Sets 4 and 5. 
 
 
Figure 12 shows the release profile for a set of dried beads (Set 6A) and a set of not dried 
beads (Set 6B). A 1:1 molar ratio of PSS to PAH was mixed to a 70:30 weight ratio of PSS/PAH 
to 1.7wt.% rhodamine B in water. The not dried PEC beads of Set 6 release 78% of its payload 
within the first 15 minutes. After 24 hours, this set leveled off at approximately 85% of its 
payload released. The dried beads had a much slower release with only releasing 25% of its 
payload within the first 15 minutes. The dried beads only released up to 31% after 24 hours and 
33% after 48 hours.  
   
Figure 12. Release study of rhodamine B for Set 6: (A) a dried set and (B) a not dried set. 
 
Figure 13 shows the release profile of a set of dried beads (Set 7A) and a set of not dried 
beads (Set 7B). A 1:1 molar ratio of PSS to PAH was mixed to a 80:20 weight ratio of PSS/PAH 
to 1.5wt.% rhodamine B in water. The not dried beads of Set 7 released 10% of its payload 
within the first 15 minutes. The dried beads released up to 39% after 20 hours and 44% after 48 
hours. The dried beads had a quicker initial release with releasing 31% of its payload within the 
first 15 minutes. The not dried and dried beads both released approximately 44% of their 
payloads within 48 hours. Though the dried beads had a quicker initial release rate, both sets 
released the same amount of their respective payloads after 20 hours.  
 
Figure 13. Release study of rhodamine B for Set 7: (A) a dried set and (B) a not dried set. 
 
Figure 14 shows the release profile of a set of dried beads (Set 8A) and a set of not dried 
beads (Set 8B). A 1:1 molar ratio of PSS to PAH was used along with a 80:20 weight ratio of 
PSS/PAH to 1.5wt.% rhodamine B in water. The not dried of Set 8 released 13% of its payload 
within the first 15 minutes. The not dried beads released up to 27% after 24 hours and 34% after 
144 hours. The dried beads had quicker release with releasing 22% of its payload within the first 
15 minutes. The dried beads released up to 70% after 24 hours and 87% after 6 days  
 
 
Figure 14. Release study of rhodamine B for Set 8: (A) a dried set and (B) a not dried set. 
 
Drying studies on Set 6, Set 7, and Set 8 were applied to determine the EoD for each set, 
which was displayed in Figure 15. Figure 15 shows the extent of drying for Set 6, Set 7, and Set 
8. Within the first 15 minutes, each set of beads had an EoD between 27% and 58%. After 45 
minutes, the beads’ EoD was within a smaller range 70% to 82%.  
 
Figure 15. Extent of drying as a result of various drying studies.  
 
Figure 16 displays data for the EoD for beads with two different molar ratios of PSS to 
PAH in the parent solution (3:1 and 1:1). According to Figure 16, the 3:1 molar ratio of 
PSS/PAH beads dried more quickly than the 1:1 molar ratio beads. The 3:1 molar ratio beads lost 
almost 95% of its weigh, while the 1:1 molar ratio beads lost 78% of its initial weight within the 
first hour. The data used to generate Figures 15 and 16 can be seen in Appendix D.  
 
Figure 16. Extent of drying study for 3:1 molar ratio PEC beads and 1:1 molar ratio PEC beads.  
 
All of the beads of both the molar ratios (3:1 and 1:1) had a rehydration study done on 
them. The results of the study were shown in Table 2 and Table 3. The 3:1 and the 1:1 molar 
ratio beads re-swelled to approximately 39% and 30% within an hour, respectively. After 2 days, 
the 3:1 and the 1:1 molar ratio beads re-swelled to approximately 37% and 24%, respectively. 
After two days of being soaked in the PBS, the beads dropped in weight. 
Table 2. Rehydration study data for 3:1 molar ratio PEC beads. 
Time, 
hours Average 
Std. 
Error 
0.5 36.6% 1.2% 
1 38.9% 2.6% 
48 37.3% 2.0% 
 
Table 3. Rehydration study data for 1:1 molar ratio PEC beads. 
Time, 
hours Average 
Std. 
Error 
0.5 26.8% 0.7% 
1 30.0% 1.7% 
48 23.9% 1.0% 
 
Discussion/Analysis 
 
Formation of PEC Beads 
 
 The project began with trying to mimic the beads produced by de Silva et al. Originally, 
poly(sodium 4-styrenesulfonate) and poly(allylamine hydrochloride) were purchased to form a 
parent solution. In order for the beads to form in the acid bath, the parent solution must have a 
pH level above the effective pKa of PAH, which is approximately 8.5. When the pH of the parent 
mixture was higher than the effective pKa of PAH, the mixture was soluble in water, which 
allows for a homogenous mixture. When the parent mixture pH level decreased below the 
effective pKa, the solution phase separated and formed solid PECs. The pH of a 1:1 mixture of 
1.5M poly(sodium 4-styrenesulfonate), also known as poly(styrenesulfonate), to 1.5M 
poly(allylamine hydrochloride) was 5.02. In order to adjust the pH of the mixture, 1M NaOH 
was used. Individual particles aggregated into small lumps when several drops of NaOH were 
added into the mixture to increase the pH to 11.20. This was not the homogenous mixture 
desired. Next, the effect of pH level on the parent solution was studied. A series of 0.75M 
poly(allylamine hydrochloride) and 0.75M poly(sodium 4-styrenesulfonate) mixtures in seven 
vials were made (the volume of each mixture was approximately 0.4mL). Vial 1 was kept at its 
initial pH of 5.31, while the other six vials had drops of 1M NaOH added to raise the pH level. 
Vial 2 was below the effective pKa, and Vial 3 changed from beige to a lighter beige color. Vials 
4, 5, and 6 were adjusted between a pH of 10 and 11, which initially turned the mixture milky 
white. Eventually, the colors became a lighter beige. Vial 7, with a pH of 12.18, had precipitate 
settle at bottom of the vial. All the vials can be seen in Appendix E. The vials sat for five days 
before being checked again. Vial 7 became more of a homogenous mixture, so it was added 
dropwise with a glass pipette into 1mL of 3M HCl and beads were formed. It was soon 
determined that the presence of the hydrochloride in the poly(allylamine hydrochloride) lowered 
the pH; this hydrochloride compound was not originally accounted for when attempting to adjust 
the pH level of the parent solution. The reason the solution gelled was due to the presence of the 
hydrochloride. Poly(allylamine) (PAH) was ordered from Polysciences, Inc 
 The PAH was available in liquid form as 15wt.% of PAH in water. PSS was available in 
a powder form. Solutions of 1.5M of PAH and 1.5M of PSS had to be made. Equal amounts of 
1.5M PSS and 1.5M PAH were mixed with a stir bar for approximately 15 to 20 minutes. The 
pH of this parent mixture was 12.19, which is well above the effective pKa of PAH. The parent 
solution was added dropwise via a 20 gauge needle and a syringe into 1M HCl, and opaque 
beads were successful produced. Figure 18 shows what the beads typically looked like after 
being removed from the acid bath. When a PEC bead is broken open, it should have a solid 
interior as seen in Figure 19.  
 
 
Figure 18. PECs beads formed via dropwise addition into an acid bath. 
 
 
Figure 19. Solid interior of a PEC bead. 
 
Release Studies with Sodium Benzoate 
 
 Sodium benzoate (NaB) was the compound used for a portion of the release studies 
performed to model other drugs that can be encapsulated by the PEC beads. Sodium benzoate is 
a preservative used in the pharmaceutical and goods industries. The first release study using 
sodium benzoate was performed with beads made with a 0.75M PAH/0.75M PSS mixture with 
15wt.% of sodium benzoate in water added. The beads were formed by dropwise addition into 
1M HCl (with sodium benzoate). The release study set-up can be seen in Figure 6. A schematic 
of this set-up can be seen in Figure 7. 
Variation in data could be due to trace amounts of water in the sampling pipette, which 
could have diluted the samples slightly. The beads could have not been properly rinsed with 
water and pat dried with a Kimwipe before performing the release studies, which would result in 
a large initial "burst" of sodium benzoate release (as seen in Sets 2, 3, and 4) 
Release Studies with Rhodamine B 
 
 When the rhodamine B replaced sodium benzoate as the drug being encapsulated in the 
beads, the set-up of the release studies changed, as well. It did not change out of necessity, but 
Set-up 2, which can be seen Figure 8, had a more convenient set up for placing the samples in a 
controlled-temperature water bath. Figure 20 displays PEC beads encapsulating rhodamine B.  
 
Figure 20. PEC beads with rhodamine B. 
 
The data sets could have been influenced by the process used to rinse the surfaces of the 
beads before the release studies. The beads could have been inconsistently rinsed with water and 
pat dried with a Kimwipe before performing the release studies, which would result in large 
initial "bursts" of rhodamine B during the study. The data used to generate Figures 12, 13, and 14 
can be seen in Appendix C.  
For a larger initial release of a drug, dried beads should be used based on the data 
reported in this paper. Though de Silva et al. used a 3:1 molar ratio of PSS to PAH instead of a 
1:1 molar ratio, their results displayed the opposite result of what was obtained during this 
project. Due to the pores of the PEC beads collapsing during drying, the dye could not easily 
diffuse out of the beads. Thus, the dried beads should have had an extended release profile 
instead of the not dried beads.  
Drying and Rehydration 
 
  A drying study began with the appearance of the beads shown in Figure 21. The PEC 
beads ranged between 1.5 and 2.5 mm per bead in diameter. Based on the article from de Silva et 
al., beads can be made with a 1:1 molar ratio or a 3:1 molar ratio of PSS/PAH. Each of those 
molar ratios should yield different bead morphologies. The appearance of each set of beads 
during drying can be seen in Table 4. After 30 minutes of drying in the fume hood, a set of 1:1 
molar ratio PSS/PAH beads and a set of 3:1 molar ratio PSS/PAH beads can be seen in Table 4A 
and 4E. Table 4A shows the 1:1 molar ratio beads, which were still an opaque/white color. Table 
4E displays the 3:1 molar ratio beads, which turned a dark hue of yellow and appeared to be 
forming a transparent shell around the beads. The 3:1 molar ratio beads had a lighter yellow tint 
at the start of the study. After 15 minutes of drying, some 1:1 molar ratio beads exhibited 
cracking as circled in Table 4A. After 45 minutes, all the 1:1 molar ratio beads were cracking. 
Cracking is undesirable in PEC beads used for drug delivery because it makes the release rate of 
the drug uncontrollable and random. On the other hand, the 3:1 molar ratio beads displayed no 
signs of cracking during this drying study. After 2 hours of drying, the 3:1 molar ratio beads 
became more transparent and shrank. The crack in all of the 1:1 molar ratio beads widened after 
2 hours, while the beads also shrank and were no longer opaque. 
 
Figure 21. PEC beads on a ruler displaying increments of millimeters. 
 
Table 4. Images PEC beads dried for a specified for PSS/PAH molar ratios of 1:1 and 3:1. Ruler 
is in millimeters. 
Time 
(Minutes) 
1:1 Molar Ratio PSS/PAH 
Beads 
 3:1 Molar Ratio PSS/PAH 
Beads 
30 
 (A) 
 
(E) 
 
45 
(B) 
 
(F) 
 
60 
(C) 
 
(G) 
 
120 
(D) 
 
(H) 
 
 
The extent of drying could be affected by the placement in the fume hoods, where the air 
flow may not be consistent at every part of the hood. Depending on where the beads are placed 
in the hood, the rate of drying may vary. This air flow rate variation could explain the relatively 
large error bars on the 1:1 molar ratio data set in Figure 16. 
Within 30 minutes of adding the beads into PBS, the 3:1 molar ratio beads broke into 
smaller 1mm randomly shaped pieces as shown in Figure 22. This break up of the beads into 
smaller fragments was not preferred due to the uncontrollable release profile and rate of the 
beads during a release study. Figure 23 shows the 1:1 molar ratio beads after 30 minutes in PBS. 
The surfaces of these beads began to change back into an opaque color.  
 
Figure 22. PEC beads, which were made from a 3:1 molar ratio PSS/PAH solution, rehydrated 
for 30 minutes. 
  
Figure 23. PEC beads, which were made from a 1:1 molar ratio PSS/PAH solution, rehydrated 
for 30 minutes. 
 
Conclusion 
 
The data presented in this report generally displayed the opposite effect of bead dryness 
on the release profile. For example, a sample of dried beads released 22% of its rhodamine B 
loading within the first 15 minutes. The dried beads of Set 8 released up to 70% after 24 hours 
and 87% after 6 days. On the other hand, the not dried of Set 8 released 13% within the first 15 
minutes. The not dried beads released up to 27% after 24 hours and 34% after 144 hours. Due to 
the collapsed pores of the PEC beads, the dried beads should have had a slower release profile. It 
is recommended that these studies be reproduced to determine if these results were accurate. If 
they were accurate, then the cause for this data needs to be determined. The release study could 
also be done with 3:1 molar ratio beads instead of 1:1 molar ratio beads to allow for a more equal 
comparison of the data generated by de Silva et al. Another recommendation would be to 
perform release studies with partially dried beads, since they were not tested here. Due to the 
undesirable PEC beads that resulted from the drying and rehydration study, beads need to be 
designed to avoid cracking during drying and falling apart during rehydration. Once these beads 
have been formed, longer rehydration studies (up to several days) need to be performed. In order 
to produce PEC beads more suitable for applications after invasive surgeries, the beads need to 
have a smaller diameter (a few millimeters in diameter). Beads in this report had a diameter of 1 
to 3 millimeters.  
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Appendix A: Diagrams for PEC Beads 
 
 Figures A.1 shows the range of concentrations that de Silva et al. tested to form PEC 
beads with spherical morphology. Figure A.2 shows images of the various morphologies formed 
at different concentrations of PSS and PAH. Region D’ will form beads that have distorted or 
flattened morphology as seen in Figure A.2c. Region BT will form beads that have tadpole-like 
morphology as seen in Figure A.2b. Region S will form no PEC beads. Region D will form 
debris droplets, which are randomly shaped. Region B will form spherical beads as seen in 
Figure A.2a 
 
Figure A.1. State diagram for PSS/PAH PEC beads at varying concentrations of PSS and PAH in 
(a) 1M HCl and (b) 3M HCl [13]. 
 
 
Figure A.2. Images of PEC beads at various morphologies: (a) spherical, (b) tadpole-like, and (c) 
distorted/flattened [13]. 
  
Appendix B: Procedure for UV/Vis-Spectrometer  
The UV/vis-spectrometer is located in in Lab 308 (Dr. Ju’s lab) [14]. 
 
1. Turn on the computer 
2. In the spectrometer panel, press “Mode” 
3. To connect the spectrometer to the computer, press (PC-ctrl) “F4” in the spectrometer 
panel   
4. Launch the software “Uvpc” (there is a shortcut on the desktop) 
5. Inside the Uvpc software, select “Configure” to set the parameters (scan range from 400 
nm to 190 nm is good for good for our samples; use slow scan and a scan rate of 1.0) 
6. Fill a Quartz curvet with DI water, open the cover of the sample insertion, insert the 
curvet into the front slot, and close the cover 
7. Press “auto zero” within the Uvpc software, and then pressure “base line” and “start”, 
allow the scan to complete (from 400 nm down to 190 nm) 
8. Fill the curvet with the diluted sample solution (in DI water in our case) to ~  ¾ way up, 
make sure no air bubbles or dust/dirt on the surface of the curvet, insert the curvet to the 
front slot, and close the cover. 
9. Press “start” to scan, after scan, save the scan if it is desired with a name, discard if it is 
not desired. 
10. Pour out all the liquid in the curvet, rinse it well with DI water, and fill in the next 
sample. 
Appendix C: Release Study of Rhodamine B Data Sets 
 
Table C.1. Data set of dried PEC beads used in Figure 12. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 70:30 for polymer to rhodamine. 
 
Total % Release - R.B.  
  time (hrs) Sample 1 Sample 2 Sample 3 Average Std. Dev. Std. Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 25.7% 28.1% 21.6% 25.1% 3.3% 1.9% 
0.5 26.2% 29.1% 22.3% 25.9% 3.4% 2.0% 
0.75 26.5% 28.4% 23.7% 26.2% 2.4% 1.4% 
1 27.6% 29.5% 23.0% 26.7% 3.3% 1.9% 
1.5 28.7% - 23.9% 26.3% 3.4% 1.9% 
2 28.3% 29.4% 24.5% 27.4% 2.6% 1.5% 
20 28.3% 30.1% 25.3% 27.9% 2.4% 1.4% 
21 31.1% 30.8% 26.2% 29.4% 2.8% 1.6% 
22 30.4% 33.6% 26.3% 30.1% 3.7% 2.1% 
23 30.0% 32.1% 27.5% 29.9% 2.3% 1.3% 
24 31.4% 33.1% 29.5% 31.4% 1.8% 1.0% 
45 32.8% 34.1% 32.7% 33.2% 0.7% 0.4% 
49 33.3% 35.9% 32.2% 33.8% 1.9% 1.1% 
 
Table C.2. Data set of not dried PEC beads used in Figure 12. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 70:30 for polymer to rhodamine. 
 
Total % Release - R.B.  
  
time (hrs) 
Sample 
1 Sample 2 
Sample 
3 Average Std. Dev. Std. Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 72.0% 74.3% 84.0% 76.7% 6.4% 3.7% 
0.5 72.7% 76.7% 85.3% 78.2% 6.4% 3.7% 
0.75 74.4% 75.9% 86.4% 78.9% 6.5% 3.8% 
1 74.7% 76.4% 88.4% 79.8% 7.4% 4.3% 
1.5 74.8% 76.9% 88.9% 80.2% 7.6% 4.4% 
2 75.0% 77.6% 89.4% 80.7% 7.6% 4.4% 
24 80.8% 84.1% 93.2% 86.0% 6.4% 3.7% 
28.5 78.9% 82.9% 94.0% 85.2% 7.8% 4.5% 
 
Table C.3. Data set of dried PEC beads used in Figure 13. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 80:20 for polymer to rhodamine. 
 
Total % Release - R.B.  
  
time (hrs) 
Sample 
1 Sample 2 
Sample 
3 Average Std. Dev. Std. Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 29.4% 31.6% 32.0% 31.0% 1.4% 0.8% 
0.5 29.1% 31.7% 33.6% 31.5% 2.2% 1.3% 
0.75 30.4% 32.6% 34.4% 32.5% 2.0% 1.2% 
1 30.5% 33.5% 34.3% 32.8% 2.0% 1.2% 
2 31.8% 35.5% 35.1% 34.2% 2.0% 1.2% 
3 32.8% 36.0% 36.7% 35.2% 2.1% 1.2% 
4 35.8% 35.8% 38.5% 36.7% 1.5% 0.9% 
20 35.4% 40.9% 42.1% 39.4% 3.6% 2.1% 
48 44.9% 45.9% 43.9% 44.9% 1.0% 0.6% 
69 40.6% 44.9% 48.8% 44.7% 4.1% 2.4% 
Table C.4. Data set of not dried PEC beads used in Figure 13. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 80:20 for polymer to rhodamine. 
 
Total % Release - R.B.  
  
time (hrs) 
Sample 
1 Sample 2 
Sample 
3 Average Std. Dev. Std. Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 11.3% 9.1% 11.4% 10.6% 1.3% 0.8% 
0.5 13.5% 10.2% 13.2% 12.3% 1.8% 1.1% 
0.75 17.4% 11.7% 17.3% 15.5% 3.3% 1.9% 
1 18.5% 12.4% 18.6% 16.5% 3.6% 2.1% 
1.5 21.6% 14.7% 23.8% 20.1% 4.7% 2.7% 
2 22.4% 15.8% 25.2% 21.2% 4.8% 2.8% 
3 28.3% 19.6% 23.4% 23.8% 4.4% 2.5% 
4 29.2% 20.9% 25.3% 25.2% 4.1% 2.4% 
20 36.1% 29.3% 37.1% 34.2% 4.2% 2.4% 
48 50.9% 34.9% 47.6% 44.4% 8.4% 4.9% 
 
Table C.5. Data set of dried PEC beads used in Figure 14. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 80:20 for polymer to rhodamine. 
 
Total % Release - R.B.  
  
time (hrs) Sample 1 
Sample 
2 
Sample 
3 Average Std. Dev. Std. Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 23.2% 20.7% 22.3% 22.1% 1.3% 0.7% 
0.5 26.5% 22.6% 23.3% 24.1% 2.1% 1.2% 
0.75 27.4% 24.7% 24.9% 25.7% 1.5% 0.8% 
1 29.1% 26.7% 26.3% 27.4% 1.5% 0.9% 
1.5 31.9% 30.3% 28.4% 30.2% 1.8% 1.0% 
2 32.5% 32.6% 29.3% 31.5% 1.9% 1.1% 
3 37.7% 37.4% 33.8% 36.3% 2.2% 1.3% 
3.5 42.6% 43.3% 43.2% 43.0% 0.4% 0.2% 
24 75.5% 69.4% 67.0% 70.6% 4.4% 2.5% 
72.17 91.8% 77.4% 81.8% 83.7% 7.4% 4.3% 
120 96.7% 78.5% 86.9% 87.4% 9.1% 5.3% 
144 96.5% 78.1% 87.1% 87.3% 9.2% 5.3% 
Table C.6. Data set of not dried PEC beads used in Figure 14. Conditions are a molar ratio of 1:1 
PSS/PAH (0.75M each) and a weight ratio of 80:20 for polymer to rhodamine. 
 
Total % Release - R.B.  
  
time (hrs) Sample 1 
Sample 
2 
Sample 
3 Average St. Dev. 
Standard 
Error 
0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
0.25 16.6% 11.7% 12.7% 13.7% 2.6% 1.5% 
0.5 16.9% 11.0% 12.8% 13.6% 3.0% 1.7% 
0.75 17.9% 11.5% 13.9% 14.4% 3.2% 1.9% 
1 20.6% 11.7% 14.2% 15.5% 4.6% 2.7% 
1.25 20.7% 11.8% 14.6% 15.7% 4.5% 2.6% 
1.5 21.2% 12.0% 15.1% 16.1% 4.7% 2.7% 
1.75 21.0% 11.8% 14.7% 15.8% 4.7% 2.7% 
2 21.6% 11.9% 15.3% 16.3% 4.9% 2.8% 
3 23.1% 12.6% 16.5% 17.4% 5.3% 3.1% 
3.5 24.8% 13.2% 18.1% 18.7% 5.8% 3.4% 
24 34.8% 19.5% 27.8% 27.4% 7.7% 4.4% 
72.17 38.6% 25.6% 33.5% 32.6% 6.5% 3.8% 
120 39.6% 27.8% 35.2% 34.2% 5.9% 3.4% 
144 39.9% 28.8% 35.9% 34.9% 5.6% 3.3% 
 
Appendix D: Extent of Drying Data Sets  
 
Table D.1. Extent of drying data set for Set 1 – Rho.  
Time, min 0 15 45 60 90 120 
Bead 1 0.0% 64.6% 87.3% 93.7% 98.7% 100.0% 
Bead 2 0.0% 52.0% 76.5% 91.8% 95.9% 100.0% 
Bead 3 0.0% 57.8% 83.1% 89.2% 96.4% 100.0% 
Bead 4 0.0% 53.0% 80.0% 88.0% 95.0% 100.0% 
Bead 5 0.0% 56.7% 84.5% 91.8% 97.9% 100.0% 
Average 0.0% 56.8% 82.3% 90.9% 96.8% 100.0% 
Std. Dev. 0.0% 5.0% 4.2% 2.3% 1.5% 0.0% 
Std. Error 0.0% 2.2% 1.9% 1.0% 0.7% 0.0% 
 
Table D.2. Extent of drying data for Set 2 – Rho.  
Time, min 0 15 30 45 60 75 90 105 120 
Bead 1 0.0% 25.9% 51.9% 80.7% 93.3% 96.3% 98.2% 99.2% 100.0% 
 
Table D.3. Extent of drying data for Set 3 – Rho.  
Time, min 0 15 30 45 60 75 90 105 120 
Bead 1 0.0% 41.5% 64.4% 74.1% 83.8% 95.0% 97.4% 97.1% 100.0% 
 
Table D.4. Extent of drying data set for 3:1 molar ratio of PSS to PAH PEC beads.  
Time, min Sample A Sample B Sample C Average Std. Dev. Std. Error 
15 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
30 52.8% 48.5% 42.0% 47.7% 5.5% 3.2% 
45 85.4% 80.6% 79.9% 82.0% 3.0% 1.8% 
60 94.3% 96.1% 93.5% 94.6% 1.3% 0.7% 
90 99.7% 99.2% 99.8% 99.5% 0.3% 0.2% 
120 100.0% 100.0% 100.0% 100.0% 0.0% 0.0% 
 
Table D.5. Extent of drying data set for 1:1 molar ratio of PSS to PAH PEC beads.  
Time, min Sample A Sample B Sample C Average Std. Dev. Std. Error 
15 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
30 44.8% 22.2% 29.5% 32.1% 11.5% 6.7% 
45 85.5% 48.3% 52.5% 62.1% 20.4% 11.8% 
60 95.7% 68.1% 70.4% 78.1% 15.3% 8.8% 
90 100.0% 88.4% 93.0% 93.8% 5.9% 3.4% 
120 100.0% 100.0% 100.0% 100.0% 0.0% 0.0% 
Appendix E: The Effect of pH Level on the Polymer Solution  
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Figure E.1. The study on pH level effect on the parent solution. 
 
 
 
 
 
